Abstract The moderate to high levels of nucleotide diversity and low linkage disequilibrium found in many forest tree species make them ideal candidates for association mapping. Here, we report candidate gene-based association mapping results for complex wood quality and growth traits in Eucalyptus globulus Labill. ssp. globulus, the most widely grown eucalypt in temperate regions of the world. Ninety-eight single nucleotide polymorphisms (SNPs) from 20 wood quality candidate genes were assayed in a discovery population consisting of 385 trees sourced from a provenance-progeny trial. Twentyfive selected SNPs with significant associations (P<0.05) in the discovery population were assayed for validation in 296 trees sourced from an independent second-generation breeding trial. To account for background genetic structure, mixed models were used in the association analyses. Two associations identified in the discovery population were independently supported in the validation testing. However, combining the discovery and validation results in a combined analysis, we discovered nine stable marker-trait associations for seven traits. These associations link underlying complex wood and growth phenotypes to earlier putative selection signatures opening new avenues to accelerate the dissection of these traits.
Introduction
Identifying the mutations that underlie variation in complex phenotypic traits is one of the fundamental aims of molecular genetics. Association mapping provides statistical evidence for associating a marker polymorphism with a phenotypic target trait. When other confounding factors are removed, association mapping can identify causal mutations where these are genotyped or use linkage disequilibrium (LD) to associate the phenotypic trait variation with sequence polymorphism (Lander and Schork 1994) . Association mapping can be undertaken either at a candidate gene level or at the genome-wide level. The candidate gene approach is attractive for complex trait dissection in non-model species where high-density genotyping assays or whole-genome level assays are still in the early stages of development. The candidate gene approach has been used in a number of forest tree species with the identification of several quantitative trait nucleotides (QTNs) that associate with a wide variety of traits including the wood property traits, early wood specific gravity and percentage latewood (Gonzalez-Martınez et al. 2007 ), percentage earlywood, tracheid cell wall thickness and average ring width (Beaulieu et al. 2011) , microfibril angle (Thumma et al. 2005) , cellulose content (Thumma et al. 2009 ), density (Dillon et al. 2010) , growth traits such as height and girth (Lepoittevin et al. 2012 ) and a range of other traits including carbon isotope discrimination (GonzalezMartınez et al. 2008) , flowering traits (Ingvarsson et al. 2008) , growth cessation (Ma et al. 2010) , disease resistance (Quesada et al. 2010 ) and cold-hardiness-related traits (Eckert et al. 2009; Holliday et al. 2010) . In most of these studies, the species or populations studied were unstructured and only in a few cases have associations been validated in independent genetic material (Dillon et al. 2010; Thumma et al. 2005 Thumma et al. , 2009 Thumma et al. , 2010 .
A main driver in determining mapping resolution (i.e. the ability to identify actual causative sites as opposed to markers in LD with the causative site) is the rate and pattern of decay of LD. All outcrossing tree species studied so far have shown a rapid decay in LD (Brown et al. 2004; Garcia-Gil et al. 2003; Gonzalez-Martınez et al. 2006; Ingvarsson 2005; Krutovsky and Neale 2005; Thavamanikumar et al. 2011; Thumma et al. 2005) , and association mapping in such species will have high resolution making the identification of causative sites possible (Gaut and Long 2003) . At the same time, this rapid decay in LD is also a concern because even physically proximal markers can be completely unlinked and therefore offer no predictive power of a QTN that may in fact reside physically close.
Association mapping is population-based, and as such can suffer from population structure confounding which can significantly increase the rate of false positives (Balding 2006; Lander and Schork 1994) . Such spurious associations can be largely avoided by either performing association studies in homogenous populations (Lander and Schork 1994; Pritchard et al. 2000b) or by modelling the structure (Pritchard et al. 2000a ). Likewise, kinship structure can also increase false discovery rates, and modelling techniques that account for relatedness, including cryptic relatedness, have been developed and their use is generally advocated (Astle and Balding 2009; Yu et al. 2006; Zhao et al. 2007b) .
Here, we use a candidate gene-based association mapping approach with the aim of identifying markers associated with complex wood quality and growth traits in Eucalyptus globulus ssp. globulus. E. globulus ssp. globulus (hereafter referred to as E. globulus) is the most widely utilised subspecies of the species complex, and in its natural range in south-eastern Australia, it occurs in coastal western, eastern and south-eastern Tasmania, on King and Flinders Islands in Bass Strait, and in Victoria in the Otway Ranges, Wilsons Promontory and areas immediately north towards the Strzelecki Ranges. The international estate is underpinned by a number of breeding programs, some of which utilise advanced quantitative methods to achieve gains (McRae et al. 2004 ). In Australia, the breeding cycle is now moving only into its third generation from the wild , highlighting the enormous gain that is still to be captured from breeding. Despite the demonstrated gains achieved through quantitative breeding, gain is expected to be significantly accelerated with the adoption of molecular marker-assisted selection (MAS) (Grattapaglia and Kirst 2008) and/or the more recent development of genomic selection (GS) (Meuwissen et al. 2001; Resende et al. 2012a, b, c) . MAS and GS can accelerate gain through a number of mechanisms including the following: (1) increasing selection intensity and (2) by overcoming temporal impediments such as age to trait expression, enabling earlier capture and utilisation of elite germplasm. While GS does not require the identification of causative mutations, doing so will provide markers which retain marker/trait correlation making them more likely transferrable across populations and informative of the biology behind trait expression .
In this study, 20 wood quality candidate genes were selected, based on their known functional roles in cellulose and lignin biochemical pathways and/or on mutation and expression studies in other organisms and/or based on putative selection signatures (Coleman et al. 2009; Hu et al. 1999; Kawaoka et al. 2006; Patzlaff et al. 2003; Qiu et al. 2008; Schindelman et al. 2001; Spokevicius et al. 2007; Szyjanowicz et al. 2004; Thavamanikumar et al. 2014; Zuo et al. 2000) . Prior work identified a large number of polymorphisms in this set of candidate genes , and a subset of these was selected for inclusion in this association mapping study. Association testing was undertaken with raw data for wood quality and growth traits and estimated breeding values (EBVs) for volume, density and pulp yield at harvest age. As significant structure has previously been reported between races of E. globulus Steane et al. 2011) , we followed general recommendations and fitted models to account for population structure and familial relatedness (Yu et al. 2006 ).
Materials and methods

Plant material and phenotypic evaluation
A Gunns Ltd E. globulus provenance-progeny trial, planted in 1989 near Latrobe in Tasmania, Australia, was used as the association discovery population (hereafter referred to as the "discovery population"). Samples from this trial were also used for polymorphism discovery . The trial was established with 570 open-pollinated (i.e. half-sib) E. globulus families collected from wild mother trees, with each family represented by a two tree plot, in each of five replicates. To avoid spurious association arising from familial relatedness, we sampled 385 trees from this trial ( Fig. 1 ) selecting only one tree per family. Cambial scrapings were collected and DNA extracted using the methods described in Tibbits et al. (2006) .
The validation population was a sample of 296 trees from an 8-year-old Southern Tree Breeding Association (STBA) second-generation breeding trial growing near Frankland, Western Australia (hereafter referred to as the "validation population"). This trial contained 115 E. globulus families generated from controlled pollination crosses from 46 paternal and 45 maternal parents. Overlap between the trials was limited with only three fathers (pollen parents) in the Frankland trial originating from the Latrobe trial. None of these three fathers were sampled in the discovery population making the populations sampled from Latrobe and Frankland completely independent. This population was specifically chosen for validation to contrast the expected sources of bias with that of the discovery population. The validation population is expected to show kinship between individuals but little effect of population structure due to the mating of parents from different population backgrounds having been used to create the offspring tested, whereas the discovery population is expected to have population structure but little to no kinship. For the validation population, we sampled leaves from the 296 trees, and DNA was extracted using a modified CTAB protocol based on Doyle and Doyle (1987) .
For most traits, both deregressed EBVs (DEBVs) and entry mean adjusted phenotypic estimates were used in association analysis. This approach was taken as each provides a different degree of accuracy for the additive, non-additive and error components of variation. While presented separately, we do not aim to treat these estimates as separate traits but rather look for consistency between them. The phenotypic evaluation of trees in the discovery population was undertaken as part of a separate study on the quantitative genetics of E. globulus at the University of Tasmania, Australia (Stackpole et al. 2010a (Stackpole et al. , b, 2011 . All trees within the validation trial were cored in 2004 (at the age of four), and these cores were used for the estimation of wood basic density and for NIR predictions of cellulose content, pulp yield, extractive content and Klason lignin content using the same methods as for the discovery population. Consistent with a two-step approach, adjusted entry means were used in place of raw phenotypic data for both the discovery and validation analyses (Lepoittevin et al. 2012; Stich et al. 2008) with field design (environmental) effects removed using SAS version 9.3. The raw data were provided by the STBA. For both populations, DEBVs for harvest age volume, wood basic density and pulp yield were also provided by the STBA. These breeding values were predicted in the multi-generation, multi-trait and multisite genetic evaluation of all germplasm in the Australian National E. globulus Breeding Program using the TREEPLAN® software (McRae et al. 2004) with no base specified, and deregression carried out prior to association model fitting (DEBV=EBV/r 2 , where r 2 is the reliability of the EBV) following the methods of Garrick et al. (2009) . A summary description of the phenotypic trait set used in this study is provided in Table 1 .
SNP genotyping
Twenty functional candidate genes, for wood and fibre formation, were selected on the basis of mutation and expression studies (Coleman et al. 2009; Hu et al. 1999; Kawaoka et al. 2006; Patzlaff et al. 2003; Qiu et al. 2008; Schindelman et al. 2001; Spokevicius et al. 2007; Szyjanowicz et al. 2004; Thavamanikumar et al. 2014; Zuo et al. 2000) , nucleotide diversity patterns potentially departing from neutral molecular evolution (Eveno et al. 2008; Thavamanikumar et al. unpublished; Gonzalez-Martınez et al. 2006 ) and association studies (Dillon et al. 2010; Thumma et al. 2009 ) in other plant and tree species.
Over 1,000 single nucleotide polymorphisms (SNPs) within the 20 genes used in this study were discovered previously by direct sequencing of PCR products from an SNP discovery panel of 11 to 28 trees . From these, 151 were selected based on position, potential function, minor allele frequency and low LD with other SNPs. Several of these SNPs also showed potential selection signatures in genetic differentiation-based outlier tests (Thavamanikumar et al. unpublished) .
The iPLEX Gold assay (Sequenom Inc.), based on matrix-assisted laser desorption/ionisation time-of-flight mass spectrometry (MALDI-TOF MS; Bouakaze et al. 2011) , was used to genotype SNPs in 385 individuals from the discovery population. Genotyping was performed at the Southern Cross Plant Genomics facility (Lismore, Australia). Details of the genotyping protocol and a complete primer list are given in Appendix A1. A subset of SNPs (25) producing significant associations in the discovery population was genotyped in 296 individuals in the validation population. Hardy-Weinberg equilibrium (HWE) in the discovery population, across four population clusters identified via STRUCTURE (Pritchard et al. 2000a ) analysis for individual SNPs, was estimated using FSTAT version 2.9.3.2 (Goudet 2002) . LD between SNPs was estimated from unphased SNP genotypic data using GEVALT (Davidovich et al. 2007 ) both (a) across all samples ignoring population structure and (b) on each of the four populations separately as identified by STRUCTURE.
Association analysis
Quantitative and molecular studies in E. globulus have shown that moderate genetic structure exists between races and populations (Dutkowski and Potts 1999; Steane et al. 2006) . To account for this structure, a mixed linear model (MLM) (Yu et al. 2006 ) fitting terms for both population structure and familial relatedness was fit using TASSEL version 2.0.1 (Bradbury et al. 2007 ). Best linear unbiased estimates (BLUE) of SNP effects against all traits were obtained from mixed models in TASSEL. For the discovery population, general co-ancestry (Q) was predicted using the model-based clustering method implemented in STRUCTURE v2.3.1 (Falush et al. 2003 (Falush et al. , 2007 Pritchard et al. 2000a ) with data from 18 microsatellites to estimate Q matrix (see Appendix A2). Assuming no prior population groupings and using the admixture model, the number of genetically homogeneous groups (K) was chosen by comparing the log probability of data at different values of K (from K=1 to K=10), using 100,000 MCMC repetitions following a burn-in of 60,000 repetitions. For the association analysis, we used Q data derived from STRUCTURE runs with K=4 as it is biologically sensible, most consistent with other marker-based studies of population boundaries in E. globulus (Yeoh et al. 2012) , and is one of the recommended solutions using the ΔK method of Evanno et al. (2005) . For the discovery population, we utilised data from 18 microsatellites and 98 SNPs to derive a matrix of realised pairwise kinship and inbreeding coefficients (K) using the software SPAGeDi (Hardy and Vekemans 2002) as described in Ritland (1996) . For the validation population, pedigree information was used to generate a predicted kinship matrix using the R-package kinship (http://www.rproject.org/).
To test the effect of population structure and kinship in the association results, association analysis was also conducted without including Q or K. In the discovery population, three models were tested: (a) generalized linear model (GLM) (no Q or K), referred as "GLM", (b) GLM (with Q), referred as "GLM (Q)", and (c) MLM (with Q and K), referred as "MLM (Q+K)". In the validation population, two models were tested: (a) GLM (no Q or K), referred as GLM, and (b) MLM (with K), referred as "MLM (K)". As the MLM model fits SNP independently, the estimates of effects can be biased upward (Kemper et al. 2012) . So, to improve estimates of SNP effects conditional on the effect of all other SNPs, all the SNPs were fitted simultaneously as random effects using ridge regression as implemented in TASSEL version 3.0. These best linear unbiased predictors (BLUP) of SNP effects are presented along with the BLUE estimates. Readers should be cautioned that the small sample sizes in the populations used in this study will make these effect size estimates uncertain and a priority of future research will be to re-estimate these in subsequent larger studies.
Combined analysis
A combined analysis of marker-trait associations was performed using Stouffer's method (Stouffer et al. 1949) implemented in COMPARE2 (Abramson 2004) . P values from association analyses obtained from discovery and validation population were combined using the "meta-analysis" module of COMPARE2. COMPARE2 assumes that P values are obtained from independent tests of the same hypothesis. In the combined analysis, we tested 21 SNPs that had data in both the discovery and validation populations and where allelic effects were in the same direction in both populations. NPV net present value ($Aus)/ha a DBH is measured at different ages, DBH was measured at 4 (DBH04), 8 (DBH08) and 16 years (DBH16) of age in the discovery population, and DBH was measured at 2 (DBH02), 4 (DBH04) and 7 years (DBH07) of age in the validation population b S/G ratio was measured only in the discovery population
The inverse of the squared standard error of the effect size of each population was included in the analysis as a weighting factor. To account for multiple testing, Q values (false discovery rate (FDR)) (Storey and Tibshirani 2003) were calculated in R (http://www.r-project.org/).
Tests on KOR_2328 SNP
A complicated non-synonymous substitution pattern is encoded by the adjoining SNP loci KOR_2328 and KOR_2329 at the 263rd codon of the Korrigan gene. To gain insight into a possible function, we investigated amino acid substitution tolerances across the Korrigan gene using "sorting intolerant from tolerant" (SIFT; Ng and Henikoff 2003) . The analysis was based upon a multiple sequence alignment of 43 endo-1,4-β-D-glucanase (Korrigan) sequences from different plant species, collected through PSI-BLAST. As we could not genotype the second SNP (KOR_2329), due to incompatibility with the genotyping assay, we estimated amino acid frequencies at the 263rd position in the population samples from pairwise frequencies observed in phased Sanger DNA sequencing data across 28 individuals (Thavamanikumar et al. unpublished) .
Results
SNP genotyping in the discovery population
In a trial run to test the SNP assays, 151 SNPs were genotyped across 32 individuals using MassARRAY. Amongst this SNP set, a small number, especially those in close proximity to other SNPs, showed assay problems in multiplexing leaving accurate genotyping assays for 123 of the 151 polymorphisms. These 123 were subsequently genotyped across a further 353 individuals from the discovery population. Of the 123 SNPs assayed, 98 SNPs from 20 genes (on an average 5 SNPs per gene) which had at least 80 % data were used in the discovery population association analysis (Table 2) . At a Bonferroni-corrected threshold P value of 0.0005, none of the SNPs deviated from Hardy-Weinberg equilibrium expectations when tested within the four population clusters.
LD between SNPs in discovery population is low Association tests of SNP loci showing LD are non-independent. To confirm that selected SNPs are predominantly independent in the discovery population, we estimated LD between SNP in the discovery population and found, as expected, it to be very low when estimated across all samples. Ignoring population clustering, only 1.7 % of the pairwise comparisons had r 2 values greater than 0.33 (Supplementary Table 1 ). More than two thirds of the higher estimates arise from comparisons within 4CL, consistent with the pattern found during SNP discovery (Thavamanikumar 2010 Comparison of different models used in association analysis Accounting for population structure and/or kinship will help reduce false positives in association analysis. To investigate these sources of variation, different models including and excluding the Q and K terms were used in association analysis. Model comparisons are based on number of SNPs associated with different traits at P<0.05 (Table 3 ) and based on deviation of observed P values from expectation using Q-Q plots (Figs. 2 and 3) . Overall, association analysis performed without Q or K yielded the greatest departures from the expected P value distribution with greater excess of low P values and therefore a likely higher rate of false positives in both discovery and validation populations, with the greatest departures in the discovery population. This is expected because there is known geographical structure to the genotypic variance present in the population studied for the phenotypes (Dutkowski and Potts 1999) . Inclusion of Q and/or K in the models did not make as large an impact for the growth traits (diameter at breast height (DBH) and Volume_DEBV), and these have been shown to be less affected by population structure (Dutkowski and Potts 1999) . On the other hand, accounting for population structure and/or kinship reduced the false positives rate for physical and chemical wood traits. In the discovery population, the significant associations found were similar between GLM (Q) and MLM (Q+ K) reflecting the known lack of kinship amongst the trees (Fig. 4) . As using MLM (Q+K) in the discovery population and MLM (K) in the validation population that produced the least departure from expectation in the Q-Q plots and therefore were the models likely to have the lowest false positive rates, we present the data only from these two models in the following section.
Discovery population marker-trait associations
The MLM (Q+K) model, which accounts for both population structure, familial relatedness and individual inbreeding, was used to test genetic associations between 98 polymorphisms from 20 wood quality genes and a range of wood quality and growth traits. Results from association analysis performed in discovery population are presented in Supplementary Table 2 . Of the 98 SNPs tested with 12 traits (1,176 association tests), 39 showed a significant association (P<0.05) with one or more traits. Because individual SNPs often show association with more than one trait (either due to non-independence between traits or pleiotropy), a total of 66 marker-trait associations (5.6 % of total number of tests) were detected.
Validation of marker-trait associations in an independent population
SNPs having marker-trait associations with P<0.05 were carried forward into validation assays in an independent population. This relaxed threshold that was used as the low sample numbers in discovery meant that statistical power to discover associations was low and the "cost" of a non-validation was also low. Two criteria excluded associations with P<0.05 from testing in the validation population: those that appeared to result from few individuals of a rare genotype (MAF<5 %) and those where an SNP showed incompatibility in the iPLEX Gold assay. Overall, 25 of the 39 SNPs producing significant associations in the discovery population were genotyped in 296 individuals from the validation population, and 21 of these, having at least 80 % data, were included in the validation analysis using the MLM (K) model (Supplementary Table 3 ). At P<0.05, 25 associations for 15 SNPs were identified.
Combined analysis results
The discovery and validation population results were combined using Stouffer's Z method. This approach enables the P values from the two studies to be combined while accounting for the differences in the standard error of the effect size in each study. This approach assumes that all associations are independent and linear. The combined analysis was carried out for a subset of 21 SNPs that had sufficient data in both the discovery and validation populations. Based on the combined analysis, we identified nine significant associations (Q<0.1) involving seven SNPs from six genes associated with seven traits (Table 4) . For these nine SNPs, ridge regression was used to estimate SNP effects by fitting all the SNPs simultaneously as random effects. Invariably, for all the SNPs, effect estimated by MLM (Q+K) or MLM (K) was always higher than the effect estimated by ridge regression (Supplementary Details of most supported SNP/trait associations SNP CDPK_516, an intronic SNP, showed a significant association with the growth trait-Volume_DEBV-in both the discovery and validation populations (Combined analysis P= 0.003; Q=0.034). The minor allele (A) for this SNP was associated with low net present value (NPV) for Volume_DEBV in both populations. CDPK_516 is also associated with Density_DEBV (Table 4) . For the CSA3_1101 association with Density, the minor allele A was associated with low density. A total of four associations had Q values <0.1 in the combined analysis for the chemical wood property traits Pulp-Yield_DEBV, Extractives and Klason lignin. The strongest association was between KOR_2328 and PulpYield_DEBV where the A and G alleles in both populations associated with higher Pulp-Yield_DEBV, while T allele genotypes associated with lower Pulp-Yield_DEBV (Fig. 5 ). KOR_2328 is a triallelic non-synonymous exonic (exon 3) SNP with A, G and T alleles producing six different genotypes (AA, AG, AT, GT, GG and TT). KOR_2328 in combination with KOR_2329 codes for a complicated non-synonymous substitution pattern (Thavamanikumar 2010 ) which results in a combination of six amino acids (Fig. 6 ). As we were only able to genotype KOR_2328, the genotypic groups represent mixtures of amino acids. To estimate the relative proportions of each amino acid class within genotypic classes, we estimated the frequencies of the amino acids based on a subset of 28 phased KOR_2328/KOR_2329 genotypes from the discovery population (Thavamanikumar 2010) . Overall, KOR_2328 TT genotypes represent a mixture of approximately 85 % Phe/ Phe, while GG genotypes represent approximately 56 % Val/ Val. The genotypic classes AG and AA largely represent a dosage response for Threonine, and the genotypic class AT represents a dosage response for phenylalanine, while the GT class is mostly composed of Phe/Val (Fig. 6) . In both the discovery and validation populations, these genotypic classes behave similarly with additive gene action predicted for both substitutions of Thr and Phe. To investigate if amino acid substitutions are tolerated at this codon, a SIFT analyses were conducted. SIFT predicts the tolerance levels for amino acid substitution based on the degree of conservation of amino acid residues in alignment from related sequences and is an indirect way of inferring if an amino acid position is likely to confer a phenotypic effect (Kumar et al. 2009 ). To perform the SIFT analysis, 43 Korrigan and Korrigan-like sequences were utilised with the results predicting that substitutions of any amino acid would be tolerated at codon 263. Although ten different amino acids are observed in this position in the 43 homologous sequences searched, no sequences coded for phenylalanine (TTT), while a substantial proportion (12 out of 43 sequences) coded for Threonine. SuSy3_886 associated with extractives in both the populations. The minor G allele is associated with higher extractive content, although the SNP effect appears small. PCBER_1601, an intronic mutation, associates with Klason lignin variation. This SNP is in strong LD with another SNP within the same gene, PCBER_1714, both in all samples (r 2 = 0.96) and within population cluster analysis (r 2 =0.91 to 1) in the discovery population. The minor allele "C" is associated with lower Klason lignin.
Discussion
We used an association mapping approach to discover nine statistical associations validated in an independent population, arising from seven SNPs in six candidate genes, with a range of wood quality and growth traits. Consistent with the expectation of quantitative trait architecture, the estimated variance explained individually by our associations was each less than 5 %. Overall, more associations were found in genes involved in cellulose biosynthesis than for other traits (Fisher's exact test, P=0.0052), and these associations were consistently with density or pulp yield traits. As cellulose is a major component of the plant cell wall and the major component of pulp, both these traits are correlated with cellulose content at the overall genetic level (Stackpole et al. 2010b) . Along with the CDPK_516 association, these "cellulose biosynthesis" gene associations had the most stable results across the discovery and validation populations. The single lignin biosynthesis gene (PCBER) returned a combined-analysis-validated association with Klason lignin content. PCBER plays a role in phenylpropanoid biosynthesis and localises to secondary xylem parenchyma where it catalyses lignan synthesis (Kwon et al. 2001; Vander Mijnsbrugge et al. 2000) . Transgenic downregulation of PCBER has been shown to result in lower lignin content (Boerjan et al. 2006) . While based on small numbers, our results indicate that variation in cellulose biosynthesis genes may be a stronger driver of variation in density and pulp yield than variation in lignin biosynthesis genes, and therefore, where research resources are limited, future focus in E. globulus should preference other catalytic genes from the cellulose biosynthesis pathway over lignin biosynthesis pathway genes.
Among the SNP-trait associations identified, the association between CDPK_516 and Volume_DEBV improved in the validation over the discovery analysis. While a naive analysis, CDPK_516 has an estimated 12 % decrease in the AA genotype frequency in the validation (second-generation breeding) population compared to the discovery (base) population, with this change consistent in direction with selection for growth through breeding. Calcium-dependent protein kinases (CDPKs) are calcium-binding serine/threonine protein kinases (Romeis et al. 2001 ) with functional roles in plant defence responses (Ivashuta et al. 2005; Romeis et al. 2001) and abiotic stress signalling pathway responses (Li et al. 2008) . CDPK gene expression has been shown to directly correlate with growth in Panax ginseng (Kiselev et al. 2010) indicating that variation in CDPK may underlie variance in growth traits in many species. Also, CDPK_516 was recently identified as an outlier, based on F ST outlier tests (Hadjigol 2012) , indicating a possible adaptive signature. While SNP CDPK_516 is significantly associated with Volume_EBV in both populations, it may not be causative as it is in strong LD with SNP CDPK_589.
SNP KOR_2328 was associated with Pulp-Yield_DEBV in both populations (Table 4 , Fig. 5 ). Korrigan is a member of the endo-1,4-β-D-glucanase (EGases, EC 3.2.1.4) family and was first identified in an extreme dwarf mutant with distinct architectural alterations in the primary cell wall (Nicol et al. 1998) . It locates to the plasma membrane and most likely acts at the plasma membrane-cell wall interface (Nicol et al. 1998 ).
While it is known that Korrigan is involved in cellulose biosynthesis, its exact role is still not clear. In Pinus pinaster, the Korrigan gene was shown to co-locate with a wood property quantitative trait locus (QTL) (Pot et al. 2006) , while high differentiation between Corsican and Aquitaine populations in P. pinaster and a significant negative Tajima's D value in P. radiata suggested Korrigan as a potential target of selection in these species (Pot et al. 2005) . Our discovery of a validated association of KOR_2328 and Pulp-Yield_DEBV is consistent with the functional role of Korrigan in cellulose biosynthesis and is the first report of an association between allelic variation in Korrigan and a wood property trait in any species. In E. globulus, cellulose content and pulp yield are highly positively correlated with the additive genetic correlation estimated at 0.91 (s.e. 0.02; Stackpole et al. 2010b) . KOR_2328 also associated with raw pulp yield and raw cellulose content ( Supplementary Fig. 1 ), although the strength of these associations was weaker, possibly due to the increased variance in these raw phenotypes. In a recent phenotypic study in E. globulus (Stackpole et al. 2010b ; Fig. 2) , the geographic distribution of pulp yield was reported to exhibit broad-scale geographic structure along latitudinal clines (Stackpole et al. 2010b) . As this distribution contrasts in some respects to the major population genetic groupings, it may be that pulp yield is under selective pressure (Stackpole et al. 2011) . Recent work by Hadjigol (2012) identified SNP KOR_2328 as an outlier based on F ST outlier tests. Our association result potentially links this putative selection signature in Korrigan to a trait providing supporting evidence that change in cell wall composition (i.e. cellulose content) is adaptive in E. globulus. While many studies have not found any significant trend for outlier loci to show association with adaptive traits (for example, Renaut et al. 2011) , our findings suggest that wider application of genome scans for selection signatures to identify candidate gene and candidate SNP for QTNs underlying complex wood traits will likely be worthwhile in E. globulus.
While selection for cell wall composition remains to be proven, consideration of the functional consequences of the KOR_2328 variants may shed some light on potential drivers. KOR_2328 is a triallelic nonsynonymous exonic (exon 3) SNP with A, G and T alleles producing six different genotypes. The association results indicate that the Phe-encoded allele gives the lowest cellulose content, the Thr allele the highest and other alleles intermediate. Our SIFT analysis indicates that variation at this site in Korrigan is widespread amongst other plant taxa and does not appear strongly deleterious; however, Phe was not observed in any other species indicating that reduction in cellulose content may not be widely tolerated. Cellulose is a major component of all higher plant cell walls forming the fibrillar component (Delmer 1999) . Variation in cellulose content can confer changes in final cell size and shape (Fagard et al. 2000) as well as in the cell's (and the stem's) ability to withstand compressive or tensile forces (Spokevicius et al. 2007 ). Cellulose content is known to vary within stems (Yang et al. 2011 ) and between cells, with an extreme response observed in the development of tension wood cells that are almost entirely cellulose (Qiu et al. 2008) . In E. globulus tension, wood is often characterised by the presence of gelatinous fibres in which the secondary wall is almost entirely cellulose (Washusen 2002) . As such, lower cellulose content may confer advantage in plant capacity to tolerate drought through an increased tolerance to cavitation from more rigid cell walls (i.e. higher relative lignin content), or conversely, higher cellulose content may lead to an increased ability to withstand tensile forces from wind and gravity in high-growth environments. These scenarios would see Phe alleles favoured in drier/more drought-prone environments, whereas the Thr alleles would be favoured in wetter, taller forest environments, and this could be directly tested in future work. Other potential drivers are also possible such as in Arabidopsis, where the specific activation of novel defence pathways from inhibition of cellulose synthesis and alteration of secondary cell wall integrity could contribute to the generation of an antimicrobial-enriched environment hostile to pathogens (Hernandez-Blanco et al. 2007) , and as such, the alterations in cellulose content from KOR_2328 may also be defence associated.
The SuSy3_886 SNP was significantly associated with extractive content. Sucrose synthase, in the presence of UDP, converts sucrose into UDP-glucose and UDP-fructose (Sturm and Tang 1999) supplying carbon to many biosynthetic processes. Strong SuSy activity is observed during wood formation (Schrader and Sauter 2002) , and it is thought to be the main enzyme supplying UDP-glucose to cellulose biosynthesis. SuSy activity increases dramatically at the sapwoodheartwood transition zone, where phenolic heartwood extractives are synthesised (Yang et al. 2003) . Phenolic heartwood extractives are likely involved in defending the tree stem from wood-rotting fungi and bacteria as a significant negative correlation between extractive levels and wood decay was observed in E. globulus (Stackpole et al. 2011 ). The association with extractive content is functionally plausible and potentially highlights an important role for SuSy in controlling carbon supply to extractive biosynthesis.
A number of lignin biosynthesis gene and density associations have been reported in the literature (Dillon et al. 2010; Tchin et al. 2011) , but, to the best of our knowledge, our SNP CSA3_1101 association is the first report of a cellulose biosynthesis gene association with wood density in any species. Cellulose synthases (CesAs) are localised to plasma membrane, and their key function is the production of the β-1,4-glucan biopolymer cellulose (Richmond 2000) . CesAs have been shown to be expressed in all plant tissue and cell types (Richmond 2000) ; however, different members of the CesA family have been reported to express in a tissue-specific manner, and there is considerable difference in expression levels of different CesA family members during primary and secondary cell wall biosynthesis (Kalluri and Joshi 2004; Ranik and Myburg 2006) .
If not properly accounted for, background genetic structure can increase the rate of false positive marker-trait associations (Pritchard et al. 2000b ). Most forest tree association mapping studies reported to date have been conducted in species that exhibit little population structure (Lepoittevin et al. 2012; Sexton et al. 2012; Thumma et al. 2009 ). Molecular studies in E. globulus Steane et al. 2011 ) have consistently found strong latitudinal differentiation between the Victorian and Island (including Tasmania) populations and weaker longitudinal structure between the major population centres. In more recent studies with SNP (Kulheim et al. 2011) and DArT markers (Cappa et al. 2013) , the presence and patterns of population structure in E. globulus were strongly supported. In this study, we also found these patterns and accounted for these patterns of population differentiation using Q estimates from a STRUCTURE analysis with the (2328) is tri-allelic (G/A/T) and the second site (2329) is bi-allelic (C/T) which resulted in a coding combination for six amino acids. Predicted amino acid frequencies for individuals genotyped with KOR_2328 SNP in the association and validation populations (bottom). Frequencies were predicted based on the frequencies observed for KOR_2328 and KOR_2329 SNPs in the sequencing data consisting of 28 individuals (Thavamanikumar et al. unpublished) prior K set to four ancestral populations. As demonstrated in Cappa et al. (2013) , the inclusion of population structure and/ or kinship in our association analysis models is highly likely to have reduced the false positive rate. Among the traits studied here, DBH was less influenced by population structure while the two wood quality traits, pulp yield and cellulose content, were more influenced. Similar results were reported by Stackpole et al. (2010b) from a quantitative genetics study in E. globulus in which they have found very low levels of subrace level differentiation for DBH and high differentiation for pulp yield, cellulose and density. These low levels of differentiation between subraces for DBH observed in both molecular and quantitative studies may partially explain the low heritability of this trait.
While FDR corrections can control type I error rates at the experiment level and are commonly applied (Gonzalez-Martınez et al. 2008; Ingvarsson et al. 2008; Zhao et al. 2007a) , they are likely to increase the incidence of false negatives. In non-human systems, the cost of false negatives is likely higher than the cost of false positives, but in breeding applications, non-linked markers will still carry information that can be utilised in a breeding context. Rather than conservatively correcting for multiple testing, validation through re-testing in an independent population is preferable. Such validation is a standard requirement in both candidate gene-based Bottcher et al. (2009); Traurig et al. 2009 ) and genomewide association mapping studies in humans (Jallow et al. 2009; Kathiresan et al. 2008 ) and permits discrimination of real and false positives without inflating the false negative rate. While preferred, independent replication for validation is often difficult to achieve in practice. In some cases, where allelic effects are very small, as we see in most of the tree association mapping studies, many thousands of individuals may need to be tested (Munafo and Flint 2004) . In this study, only two associations identified in the discovery population were independently supported in the validation testing. This low rate of validation should not be interpreted as disproving the associations identified in the discovery population as "winner's curse" (Zollner and Pritchard 2007) or the "Beavis effect" (Xu 2003) can lead to overestimated effect size in initial discovery (Hirschhorn and Altshuler 2002) . Combining results (combined analysis) from numerous studies provides a means to integrate results across many studies that are unable to be jointly analysed and/or that individually may not show significant association (Munafo and Flint 2004) . Combined analysis provides stronger support for the effect of an SNP on a trait compared to a highly significant result from a single study. Combined analysis was used in this study to combine results from the discovery and validation populations, and nine associations were significant at an FDR of 10 % or better. As tree association mapping studies are generally underpowered, combining results from two or more studies appears a sensible approach to increase the power by making use of all available information.
To further investigate our findings, we looked at the colocation between the significant genes and QTL reported in a multi-family study of E. globulus (Freeman et al. 2011 (Freeman et al. , 2013 . In summary, each of the genes with validated SNPs was placed in the QTL study and SNPs assayed in parents of each pedigree. In all cases, except KOR_2328 where the variants were not segregating in any pedigree, the genes showing supported associations co-located with QTL for (the same or other) wood property traits. Furthermore, with the exception of PCBER and one of the QTL co-locating with CSA3, each of the best supported associated SNPs was polymorphic (Freeman et al. 2013 ) in the same family in which the colocated QTL segregated, lending more support that these SNPs capture or underlie QTL. These co-location results strengthen our findings and highlight the continued importance of QTL mapping illustrating how these two approaches are complementary, as the combination of several independent lines of evidence is more confirmative than reliance on a single stringent analysis (Renaut et al. 2011) .
Conclusions
This association mapping study on growth and wood quality traits in E. globulus has identified nine stable marker-trait associations for seven traits. The linking of SNP from genes showing selection signatures to traits opens new avenues to accelerate the dissection of these traits. The specific localisation of signals to individual SNP in this study, consistent with observations in other tree association studies, supports the assertion that mapping resolution is likely to be extremely high and that informed approaches to candidate SNP selection are advisable to limit the number of tests and increase the potential for discovery. This high mapping resolution is also exciting as it is much more likely that SNP identified are truly causative enabling a direct route from association discovery to functional validation. While alternative approaches such as genomic selection are likely to be more widely deployed to predict breeding values within populations, association study results should find utility in the development and validation of genomic selection prediction models and, because the associations are more likely to hold across populations, are also likely to be directly useful in breeding high-value traits across different breeding programs ). As such, association studies will likely remain useful for the further development of MAS for industrial breeding. Also, association study results, such as those reported here, enable the application of new approaches in the study of adaptation in natural populations.
